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Abstract Predicting the large-scale eruptions from the solar corona and their
propagation through interplanetary space remains an outstanding challenge in
solar- and helio-physics research. In this article, we describe three dimensional
magnetohydrodynamic simulations of the inner heliosphere leading up to and
including the extreme interplanetary coronal mass ejection (ICME) of 23 July
2012, developed using the code PLUTO. The simulations are driven using the
output of coronal models for Carrington rotations 2125 and 2126 and, given
the uncertainties in the initial conditions, are able to reproduce an event of
comparable magnitude to the 23 July ICME, with similar velocity and density
profiles at 1 au. The launch-time of this event is then varied with regards to an
initial 19 July ICME and the effects of solar wind preconditioning are found to
be significant for an event of this magnitude and to decrease over a time-window
consistent with the ballistic refilling of the depleted heliospheric sector. These
results indicate that the 23 July ICME was mostly unaffected by events prior,
but would have travelled even faster had it erupted closer in time to the 19 July
event where it would have experienced even lower drag forces. We discuss this
systematic study of solar wind preconditioning in the context of space weather
forecasting.
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1. Introduction
Coronal mass ejections (CMEs) are characterised by the large-scale eruption
of plasma from the solar corona and release copious amounts of energy over
incredibly short time periods. Upon reaching interplanetary space, CMEs, here-
after referred to as interplanetary CMEs (ICMEs), can propagate at velocities
significantly greater than the ambient solar wind and will therefore be deceler-
ated due to drag forces (Cargill et al., 1996). In recent years, the phenomenon
of an initial ICME clearing the path for a successive eruption has been impli-
cated as a significant causal mechanism for producing some of the most severe
space weather events on record (Liu et al., 2019). There is therefore a current
need to understand how solar wind preconditioning can affect an observed CME
which poses a threat to operational spacecraft and ground-based infrastructure,
if Earth-directed. (SWPS, 2015).
The most extreme ICMEs are believed to occur along a power law distribution
(Riley, 2012) and can possess velocities >2000 km s−1, the most famous of
which is the Carrington Event of September 1859 (Carrington, 1859). This ICME
propagated Sun-to-Earth in just 17.6 hours and induced the largest geomagnetic
storm on record (Tsurutani et al., 2003). On 23 July 2012, however, the Solar Ter-
restrial Relations Observatory-Ahead (STEREO-A) spacecraft, orbiting at 0.96
au, experienced a non-Earth directed ICME (Dryer et al., 2012) of a magnitude
comparable to the 1859 Carrington event (Baker et al., 2013) which arrived 18.6
hours after its eruption from the solar corona with a velocity of ≈2250 km s−1
(Russell et al., 2013).
Two distinct reasons have been put forth to explain the rapid transit time
and extreme characteristics of the 23 July 2012 event. The first reason is the
CME was produced by two separate eruptions spaced 10-15 minutes apart which
appeared to merge within the solar corona (Liu et al., 2014a). This idea was
further supported by the presence of two flux ropes within the in-situ magnetic
field measurements at STEREO-A where the ICME magnetic flux consequently
reached a record 109 nT (Russell et al., 2013). The second reason is that the
solar wind conditions ahead of the ICME had been significantly affected by
events prior to 23 July (Wu et al., 2014), the most significant of which Liu
et al. (2014a) identify as a CME which erupted from the same active region
at 05:30 UT on 19 July. This propagated along a similar path and is thought
to have removed existing solar wind plasma and non-radially directed magnetic
fields which resulted in minimal slowdown for the larger subsequent eruption
(Temmer and Nitta, 2015). It has however been highlighted that large ICMEs
are significantly less affected by the ambient conditions (Wu et al., 2005; Liou
et al., 2014; Cash et al., 2015) which leads to the question as to if, and how, the
23 July 2012 ICME was, or could have been, influenced by prior preconditioning
events?
The complex interaction between ICMEs and the solar wind have been anal-
ysed within a number of simulation studies (e.g. Cargill et al., 1996; Odstrcil
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and Pizzo, 1999; Riley et al., 2003; Lugaz, Manchester, and Gombosi, 2005),
and Manchester et al. (2008) and Werner et al. (2019) include the effects of solar
wind preconditioning when simulating the solar storms of 28 October 2003 and 6-
9 September 2017, respectively. This study focuses on solar wind preconditioning
with respect to the Carrington-scale event observed on 23 July 2012.
This article is organised as follows: Section 2 describes the simulation code,
PLUTO, the governing equations and implementation. Section 3 builds upon
these concepts and describes a simulation of the conditions leading up to and
including the extreme ICME of 23 July 2012. Section 4 then uses this simulation
as a baseline to study solar wind preconditioning for events of this magnitude.
Section 5 then concludes with a discussion on the implications for understanding
and forecasting these extreme events.
2. Simulation Development
2.1. Governing Equations
The simulation code, PLUTO, is an open-source parallel modular multiphysics
code developed for the study of astrophysical plasmas (Mignone et al., 2007). It
is written to solve partial differential equations deriving from conservation laws
of the form,
∂U
∂t
= −∇ ·T(U) + S(U), (1)
where U is the state vector of conservative quantities, T is a tensor denoting the
flux of each component of the state vector and S defines the source terms. This
general integration sequence does not require the explicit forms of U, T and
S, and this flexibility allows the implementation of different physical equations.
PLUTO has the capability to solve non-relativistic or relativistic hydrodynamic
(HD) or magnetohydrodynamic (MHD) systems of equations on either cartesian,
cylindrical or spherical geometries.
PLUTO has been validated against a number of test-problems (e.g. Mignone
et al., 2007) and extensively applied to the study of astrophysical plasmas,
including; stellar and extragalactic jets (e.g. Bodo et al., 2003; Mignone et al.,
2013), the solar corona (e.g. Reale et al., 2016; Petralia, Reale, and Testa, 2018),
stellar winds (e.g. Alvarado-Go´mez et al., 2016; Pantolmos and Matt, 2017), and
1D simulations of the fast-forward shock associated with the 23 July 2012 event
(Riley et al., 2016).
A detailed description of the numerics and physics capabilities are described
by Mignone et al. (2007) and for completeness the system of equations solved
in this study are described below. The MHD conservation equations are written
as:
∂ρ
∂t
+∇ · ρv = 0, (2)
∂m
∂t
+∇ · [mv −BB + I(p+ B2)]T = −ρ∇Φ + ρg, (3)
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∂B
∂t
+∇× (v ×B) = 0, (4)
∂(Et + ρΦ)
∂t
+∇ ·
[
(
ρv2
2
+ ρe+ p+ pΦ)v + (v ×B)×B
]
= m · g, (5)
where v is the gas velocity in an inertial reference frame, ρ is the gas mass
density, and p its thermal pressure. m represents the momentum density term
equal to ρv, I is the unit tensor, and Φ and g are the potential and vector part
of the body force which are set to zero in this study. The total number density n
is defined by ρ = µH, where µ is the mean molecular weight in units of the mass
of the hydrogen atom H. B is the magnetic field and the total energy density,
Et, is defined as,
Et = ρe+
m2
2ρ
+
B2
2
. (6)
In Equations 4 and 5 the electric field E is provided through the generalised
Ohm’s law with the resistive and Hall terms neglected, leaving an ideal MHD
description. A closure is provided to these systems using an equation of state
ρ e = ρ e(p, ρ), which is set to represent an ideal gas.
To evolve these equations in time, the code uses volume averages determined
by piece-wise monotonic interpolation inside each grid cell. This generic imple-
mentation allows the code to easily switch between a number of different solvers
and, in this study, the Roe solver of Cargo and Gallice (1997) is utilised. The
Linearized Roe Riemann solver is based on characteristic decomposition of the
Roe matrix which approximates the solutions to the discontinuous left and right
Riemann solutions at the cell interfaces (Roe, 1981). The MHD formulation
evolves ρ, v, T and B in time and requires an additional step to enforce the
solenoidal constraint on the divergence of the magnetic field. The eight-wave
divergence cleaning formulation of Powell (1994) and (Powell et al., 1999) is
used, with the constrained transport scheme of Balsara and Spicer (1999) and
Londrillo and del Zanna (2004), to add an additional corrective source term.
This utilises the upwinded fluxes in the higher-order Godunov scheme combined
with the electric field to maintain a divergence-free magnetic field to machine
precision.
The heliospheric simulations can be implemented in one, two or three
spatial dimensions with either one, two or three components of the vector fields.
In this study, a spherical coordinate system is used where r, θ and φ represent the
radial, polar and azimuthal directions respectively, in a heliocentric rotating or
inertial reference frame. The mean molecular weight is set to µ=0.6 to represent
a fully ionised electron-proton plasma with small amounts of heavier species.
The domain is specified to capture the solar wind expanding outward from an
inner boundary specified at an arbitrary distance from the solar surface. The
simulations are driven by updating this inner inflow boundary at each time-
step with commensurate solar wind values. For idealised scenarios the inputs
are theoretically derived, or, to represent real time periods, the values at the
inner boundary are updated to match the output of coronal models. The outer
SOLA: sola.tex; 8 September 2020; 3:03; p. 4
Solar Wind Preconditioning
Figure 1. Initialisation phase of a three dimensional MHD simulation of the solar wind. The
simulations are shown as the fast solar wind first reaches the outer boundary while the slow
solar wind has not yet done so. The left-hand and centre panels (a–b) show the plasma number
density normalised by the radial distance squared in au from above and at the equatorial plane,
respectively. The right-hand panel (c) shows the heliospheric current sheet which is revealed
by masking magnetic field values above an arbitrarily small value. Note that 214.8 Rs ' 1 au
boundaries are represented by Von-Neumann boundary conditions for continuous
outflow, and the simulation domain thus represents the continuous evolution of
the solar wind within a predefined region of the heliosphere.
2.2. The Solar Wind
To simulate the nascent solar wind, a three-dimensional MHD simulation
is initialised to reproduce solar wind conditions starting from 21 June 2012.
The simulations are driven using inflow coronal boundary conditions generated
by CORHEL (Riley, Linker, and Mikic´, 2001; Linker, 1999) from the archived
simulation run Camilla Scolini 012516 SH 1, downloaded from NASAs Commu-
nity Coordinated Modeling Center (CCMC). This CORHEL coronal boundary
condition uses the magnetic field structure from the Magnetohydrodynamics
Algorithm outside a Sphere (MAS) polytropic coronal model (Linker, 1999) with
empirically derived velocity, density and temperature variables (Riley, Linker,
and Mikic´, 2001). The input data is available at a 6 hour cadence and a resolution
of θ = 180 and Φ = 360 points. A cubic spline interpolation sequence is used to
resolve this to the variable simulation timestep of the heliospheric grid which is
specified at a lower resolution of θ = 90 and Φ = 180 points with a radial extent
of 192 points from 30 Rs out to beyond 1 au.
Figure 1 shows the initialisation stage of this simulation where the solar wind
expands outward into a low density background. The plasma density across
the simulation domain is initially specified to fall off as a function of r−2, but
the simulations are only judged to have reached a steady-state when solar wind
plasma from the inner boundary has reached the outer boundary and asymptoted
to a steady state solution. The left and centre panels show two projections of the
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normalised density where the fast solar wind has reached the outer boundary but
the slow solar wind has not yet done so. The propagation of fast and slow solar
wind and stream interaction regions (SIRs) are visible as well as the rotation of
the Sun which wraps these streams along an Archmidean spiral (Parker, 1958).
The right-hand panel shows the heliospheric current sheet (HCS), calculated by
masking values above an arbitrarily small value. The HCS is produced at the
Sun’s magnetic equator and maintains its tilted orientation with respect to the
ecliptic plane as it evolves outward.
In this study a polytropic index of γ = 1.5 is used to capture the measured
polytropic index of the free-streaming solar wind (Totten, Freeman, and Arya,
1995). This still, however, doesn’t fully capture the kinetic heating of the solar
wind via a variety of electron and ion-scale instabilities (e.g. Stawarz et al., 2009;
Goldstein et al., 2015) and the MHD simulations therefore result in a steeper
radial temperature profile than that observed (e.g. Cranmer et al., 2009).
2.3. Interplanetary Coronal Mass Ejections
CMEs are launched along a specific direction and are then able to deflect and
rotate as they erupt outward (Gopalswamy et al., 2003; Cremades, Bothmer,
and Tripathi, 2006; Gui et al., 2011; Vourlidas et al., 2011) as they interact
with the solar wind (Wang et al., 2004; Isavnin, Vourlidas, and Kilpua, 2013) or
through interactions with other ICMEs (Lugaz et al., 2012; Shen et al., 2012).
This can cause limb ICMEs to strike Earth (Wang et al., 2004) and 30-40% of
Halo ICMEs to not strike Earth (Yermolaev et al., 2005; Shen et al., 2014).
To model and capture these three dimensional processes, a pulse is injected
on the inner boundary by varying the solar wind density and velocity according
to the relation:
λ(t, θ, φ) = λ0 + λpsin
2(pi
t− t0
tp
)cos(
pi
2
θ − θ0
Θ
)cos(
pi
2
φ− φ0
Φ
), (7)
within the limits:
t0 < tp < t0 + T, θ0 −Θ < θ < θ0 + Θ, φ0 − Φ < φ < φ0 + Φ, (8)
where λ represents the variable of interest, and λp its peak increase. θ0, φ0 and
t0 are the latitudinal and azimuthal launch position and start time, respectively,
and Φ = Θ which represents the half-angle subtended by the pulse and tp the
pulse duration.
Gaussian and sinusoidal pulses, and variations thereof, have been commonly
used to represent ICMEs (Odstrcil and Pizzo, 1999; Pomoell and Poedts, 2018;
Liou et al., 2014; Riley et al., 2016) and, as these pulses propagate outward, the
outer regions expand faster than the inner regions and produce a characteristic
cone shape with associated MHD forward and reverse shocks. These pulses do
not strictly conserve the Rankine-Huguenot jump conditions but are of sufficient
smoothness that MHD solvers are able to relax these into a structure which
has been shown to well-represent an ICME (e.g. Chane´ et al., 2006), with the
exception of the internal flux rope magnetic field.
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Figure 2. Three dimensional MHD simulations of the 19 July ICME in upper panels (a–b)
and 23 July ICME in lower panels (c–d). The left-hand panels (a and c) show the radial velocity
and the right-hand panels (b and d) show the scaled plasma number density. Note that 214.8
Rs ' 1 au.
3. Simulating the 23 July 2012 Event
In this study the preconditioning events leading up to 23 July and the 23 July
ICME are approximated by two distinct CMEs erupting on 19 July and 23 July.
The background solar wind is modelled for the time period encompassing this
event from 15 July, thus allowing the simulated heliosphere to reach steady-state
before the passage of the ICMEs. The simulations are driven using two publically
available simulations (Anthony Mannucci 022515 SH 1; Camilla Scolini 012516 SH 1)
produced by the MAS polytropic coronal model (Linker et al., 2016) which cover
Carrington rotation 2125 from 21 June until 18 July, and Carrington rotation
2126 from 18 July until 16 August. These coronal simulations are driven by
GONG synotoptic magnetogram data. To avoid numerical instability, the final
SOLA: sola.tex; 8 September 2020; 3:03; p. 7
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Figure 3. Time series output from the MHD simulations presented in Figure 2 at the location
of STEREO-A compared to the STEREO-A timeseries from Liu et al. (2014a, see Figure 5
therein). (a) Plasma density, (b) bulk velocity, (c) temperature and (d) magnitude of the mag-
netic field. Note, the total measured density (a) (blue) were calculated through extrapolation
from the low energy electron measurements (Liu et al., 2014a).
outputs of Carrington rotation 2125 are omitted and the model inputs are in-
terpolated over 24 hours, which ensures a smooth transition between changes in
the locations of the coronal hole boundary between the two inputs.
The ICMEs are initialised in-line with measurements (Cash et al., 2015; Liou
et al., 2014), see Table 1, and the simulations run until the final eruption has
reached the outer boundary on 24 July 2012. Estimates used for the initial
speed of the 23 July ICME range from 2500±500 km s−1 to >3000 km s−1
(Baker et al., 2013; Liu et al., 2014a; Intriligator et al., 2015; Liou et al., 2014;
Intriligator et al., 2015; Riley et al., 2016; Liu et al., 2014b), the upper range of
which exceeds the theorised ≈ 3000 km/s limit available from the energy budget
of solar active regions (Gopalswamy et al., 2005; Yashiro et al., 2004). In this
study a launch velocity of 2800 km/s is found to produce a reasonable match.
Figure 2 shows the simulation of the solar wind and 19 July and 23 July
ICMEs. The 19 July ICME is visibly smaller than the 23 July ICME and the
initial eruption produces a density cavity in its wake. The ICMEs propagate
through various solar wind conditions; the 19 July ICME encountering a denser
slower solar wind stream, which cause significant azimuthal variation across solar
SOLA: sola.tex; 8 September 2020; 3:03; p. 8
Solar Wind Preconditioning
longitude, whilst the 23 July ICME propagates from a fast solar wind stream
into a slow solar wind stream. The limitations in using two distinct coronal
models inputs become clear as in certain locations, the changes in the coronal
hole boundaries between the two inputs causes fast solar wind to run into slower
solar wind which results in some visible discontinuities. Further interpolation
routines might remove this and indeed Cash et al. (2015) implement a variety
of different solar wind backgrounds from either before or after the event and
finally a hydrodynamic solar wind. It is not necessarily clear, however, which
selection is correct due to the lack of continuous magnetogram coverage during
this period. These effects are also minimal in the sector where the 19 and 23
July ICMEs propagate, and the ICME propagation along the Sun-STEREO-A
line is not significantly affected.
Figure 3 shows the time series from a probe within the simulation at the
location of STEREO-A which is compared to the STEREO-A in-situ measure-
ments. The time series is also shown for a simulation of the background solar
wind without the ICMEs. Two initial ICMEs are visible in the STEREO-A data
on 18 and 19 July which in this study are represented by the single and larger
19 July ICME. The 19 July ICME appears to feature a second peak in density
which is attributed to the dense solar wind stream encountered en-route which
is likely to have been cleared by the first initial ICME visible in the STEREO-A
time series, but which is not simulated here. The low density cavity ahead of the
19 July ICME is well reproduced with the background plasma density dipping to
comparable values to the observed ≈1 cm−3. The velocity profile of the 23 July
ICME is subsequently a close match with the simulated ICME arriving close in
time to the observed ICME, and initially dropping of at a similar rate. A second
peak in velocity is visible in Figure 2, which represents a reverse shock, although
this feature is only marginally visible within the measurements. The density
peaks at a similar time and amplitude and, with the velocity profile, indicates
that the simulations have reproduced an ICME of comparable magnitude to the
observed event.
Notable differences do however exist. The initial ramp-up in density and
velocity for the few hours prior to the 23 July ICME is not captured, some
of which Russell et al. (2013) tentatively attribute to initial disturbances from
the 23 July event itself. The simulated ICME density is also narrower in time,
reaching higher values but decreasing more rapidly too. The simulated magnetic
field reaches >100 nT, as in the STEREO-A time-series, but this is due to com-
pressed pre-existing solar wind fields rather than an intrinsic field and therefore
decreases rapidly too. These discrepancies are attributed to the approximation
of a complex multi flux rope event by a single smooth pulse. The simulated 23
July ICME also reveals a distinct temperature spike not captured within the
in-situ measurements.
Further efforts to optimise the input parameters to match the observations
could decrease the discrepancies but might well result in over-fitting due to
the various error sources deriving from the choice in background solar wind
conditions and the observational constraints on the initial and final conditions.
Given these, the concept of a high-speed ICME travelling through a low density
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Figure 4. Normalised plasma number density for four different launch times from 20 – 23 July.
Upper panels (a–d) show the case of a single ICME without solar wind preconditioning and
lower panels (e–h) show the case of a preceding ICME which produces a large density cavity in
front of the subsequent event. The right-hand lower panel (h) corresponds to the simulations
shown in Figures 2 and 3. Note that 214.8 Rs ' 1 au.
interplanetary medium is judged to be well captured and the simulations pre-
sented in Figures 2 and 3 are thus taken as a reasonable reproduction of the 23
July 2012 event, and indeed of a Carringtons-scale event, from which physical
processes can be inferred.
4. Preconditioning Study
The simulated times series in Figure 3 show the solar wind density ahead of the
main event to increase towards their nominal levels faster than the observations
do although they still have not fully recovered by 23 July. This faster recovery
appears to be due to the higher simulated solar wind speeds ahead of the 23
July ICME of ≈550 km s−1 which gives a ballistic refilling timescale of ≈3.1
days for fresh solar wind to propagate into the depleted sector, following the
passage of the 19 July ICME. The STEREO-A observations, however, show a
lower velocity of ≈440 km s−1, which gives a ballistic refilling timescale of ≈3.9
days which extends up until the 23 July ICME. The ballistic refilling argument
does, however, only provide a minimum timescale for the refilling as it does
not account for the density cavity ahead of the fresh solar wind and how the
remaining rarefied solar wind has been impacted by the initial event. Temmer
et al. (2017) indeed find that the interplanetary medium remains disturbed for
≈ 3 – 6 days based on statistical comparisons between observed ICMEs and
modelled background solar wind.
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Figure 5. Parametric study showing the variations in radial velocity in left-hand panel (a),
and transit time in right-hand panel (b) resulting from the 23 July ICME launched at different
times behind the 19 July ICME (orange solid line) and also in its absence (blue dashed line).
The actual velocity observed at STEREO-A and transit time are marked by annotated dashed
black lines.
To further study the concept of an initial ICME clearing the path for a second
ICME, the simulation presented in Figures 2 and 3 are used as a baseline and
the launch time of the 23 July ICME is varied with respect to the 19 July
ICME, from 20 July until 24 July. The simulations are also run in the absence
of an initial event to fully isolate the effects of solar wind preconditioning. From
an operational forecasting perspective this approach allows one to examine the
amount of time after an initially observed ICME that subsequent ICMEs will
have an enhanced geophysical impact. Figure 4 shows four of these permutations,
with and without preconditioning, which reveals the significant density cavity
ahead of the subsequent ICME and how an earlier launch time results in the
subsequent ICME propagating through this cavity.
The peak velocity at the location of STEREO-A is shown in Figure 5 with the
simulation time corresponding to the actual launch marked. The peak velocity,
together with the southward component of the magnetic field, provides an indi-
cator of the geoeffectiveness of the event (Burton, McPherron, and Russell, 1975;
Wu and Lepping, 2005), while the transit time is also shown which provides the
lead time that is required to accurately predict a given CMEs evolution. The
results show that the initial simulated 19 July ICME induced a speed increase in
the subsequent event right up until 24 July, although, on and after 23 July this
effect appears minimal as the simulations with and without the 19 July ICME
converge. As the simulated 23 July ICME is launched earlier in time, the peak
velocities increase as the 23 July ICME spends more and more time in the wake
of the 19 July ICME and eventually runs into its back if launched before 21 July,
a phenomenon (Lugaz, Manchester, and Gombosi, 2005) not examined in this
study . The velocity increase appears the most significant when launched on 21
July.
The preconditioning study results, combined with further analysis of the
STEREO-A data suggest that the preconditioning for the 23 July 2012 event
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was marginal and therefore this event was produced without the aid of solar
wind preconditioning. The trends do, however, indicate that solar wind precon-
ditioning can be significant for an event of this magnitude and that this event
therefore could have been even more severe if launched directly into the depleted
solar wind observed by STEREO-A two days prior.
5. Discussion and Conclusions
This study describes 3D MHD PLUTO simulations of the inner heliosphere
leading up to and including the 19 and 23 July ICMEs, the latter of which
has been identified as a Carrington-scale event. The simulations were driven by
CORHEL coronal boundary conditions for Carrington rotation 2125 and 2126,
which highlighted the relevance of continuously derived inputs with respect to
observing and modelling the solar corona. The simulations produced an event of
comparable magnitude to the 23 July 2012 event with time-series output from
the location of STEREO-A matching the observations. It should, however, be
noted that the simulations of the 23 July 2012 event are constrained around the
STEREO-A observations at 0.96 au. It is therefore likely that multiple initial
conditions exist that produce an ICME at 1 au that matches those observed, as
indeed is highlighted by Cash et al. (2015). The uncertainties in the near-Sun
properties of the CME do not allow for this event to be constrained further and
simulations of this events should therefore be interpreted as physically realistic
events of comparable magnitude to the 23 July 2012 event rather than exact
replicas.
The 23 July 2012 simulation was then used to further examine and quantify
the impact of solar wind preconditioning. The launch time of the 23 July ICME
was varied with respect to a 19 July preconditioning ICME and also in its absence
to constrain the phenomenon of one ICME clearing the path for another. The
simulations were able to reproduce the observed depleted solar wind densities
ahead of the 23 July ICME and the simulated 23 July ICME reached a maximum
velocity of >2750 km s−1 when launched on 21 July but tended towards 2000
km s−1 when launched after 23 July.
Several studies have indicated that large ICMEs are significantly less affected
by the ambient solar wind (Wu et al., 2005; Cash et al., 2015). The simulations
of the 23 July ICME presented here are, however, towards the larger end of
those considered, see Table 1 and Cash et al. (2015, Table 2. therein). While
the precise numbers presented in this parametric preconditioning study might
well differ depending on the solar wind backgrounds and ICME parameters
used, the depletion behind the 19 July ICME shown in Figure 4 is consistent
with the large-scale interaction between ICMEs and the ambient solar wind
and also comparable to those produced by flux-rope ICME simulations (Shen
et al., 2014). The trends presented in Figure 5 therefore indicate that solar wind
preconditioning can be a significant factor for ICMEs of comparable magnitude
to the 23 July event and, therefore, Carrington-scale events. The simulations
also reveal that the 23 July event itself likely occurred when the solar wind
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had nearly fully recovered and it can be inferred that the 23 July would have
reached even higher velocities at 1 au if launched closer in time to the 19 July
preconditioning ICME.
The preconditioning window identified in Figure 5, although focussed on a
particular event, can provide context for historical events, such as the August
1972 ICME which reached Earth in a record 14.6 hours (Knipp et al., 2018)
and the Carrington event of September 1859 which reached Earth in 17.6 hours
(Tsurutani et al., 2003), which have been implicated as involving multiple ICME
eruptions. In the absence of in-situ measurements, the trends presented here indi-
cate that preconditioning variations in the ambient solar wind could explain the
difference in these arrival times. The significant increase in ICME velocity and
decrease in transit time due to solar wind preconditioning could also plausibly
enhance the severity of a range of CMEs which do not initially present themselves
as Carrington-scale within the solar corona. This study also did not, however,
consider the effects of solar wind preconditioning inside the solar corona. A
comprehensive parametric preconditioning study, with regards to the numerous
ICME input parameters that can be varied, and also with a flux rope CME
description, is therefore left for a future endeavour.
The preconditioning window induced by an initial ICME, and the decrease in
its significance over time, presents a quantifiable prediction that can be used by
current space weather forecasting efforts to estimate the increased likelihood of
a severe space weather event occurring.
Table 1. Input data for the 19 July and 23 July 2012 ICMEs corresponding the simulations presented in Figure 2 and
3. The ICMEs are launched at the inner boundary of 30 RS and further input values are taken from Cash et al. (2015,
see Tables 1 & 2 therein).
ICME Launch Time(UT)
Radial Velocity
(km s−1)
Mass
(g)
Longitude
(◦)
Latitude
(◦)
Half Width
(◦)
Duration
(hrs)
19 July 05:30 1500 1.0e+16 134 0 45 3.5
23 July 04:30 2800 2.0e+16 134 0 45 3.5
Acknowledgments The authors would like to extend their gratitude to Robert Forsyth,
Jeremy Chittenden, Jonathan Eastwood, Timothy Horbury, Peter Riley and Jon Linker for
useful discussions, and Ying Liu for providing updated STEREO-A time-series estimates. RTD
acknowledges funding from the NERC grant NE/P017347/1 (Rad-Sat). EED acknowledges
STFC studentship ST/N504336/1. JES acknowledges funding from the UKRI STFC grant
ST/S000364/1. PI and JM acknowledge the Erasmus programme. The CORHEL coronal
boundary conditions were downloaded from the Coordinated Community Modelling Centre.
This study used the Imperial College High Performance Computing Service (doi: 10.14469/hpc/2232).
Disclosure of Potential Conflicts of Interest: The authors declare that they have no
conflicts of interest.
SOLA: sola.tex; 8 September 2020; 3:03; p. 13
Desai et al.
References
Alvarado-Go´mez, J.D., Hussain, G.A.J., Cohen, O., Drake, J.J., Garraffo, C., Grunhut, J.,
Gombosi, T.I.: 2016, Simulating the environment around planet-hosting stars. II. Stellar
winds and inner astrospheres. Astron. Astrophys. 594, A95. DOI. ADS. [Alvarado16]
Anthony Mannucci 022515 SH 1: MAS Polytropic Simulation of Carrington Rotation 2125.
Technical report, Coordinated Community Modeling Center. https://ccmc.gsfc.nasa.gov/
database SH/Anthony Mannucci 022515 SH 1.php. [Mannucci12]
Baker, D.N., Li, X., Pulkkinen, A., Ngwira, C.M., Mays, M.L., Galvin, A.B., Simunac, K.D.C.:
2013, A major solar eruptive event in July 2012: Defining extreme space weather scenarios.
Space Weather 11(10), 585. DOI. ADS. [Baker13]
Balsara, D.S., Spicer, D.S.: 1999, A Staggered Mesh Algorithm Using High Order Godunov
Fluxes to Ensure Solenoidal Magnetic Fields in Magnetohydrodynamic Simulations. Journ.
Comput. Phys. 149(2), 270. DOI. ADS. [Balsara99]
Bodo, G., Rossi, P., Mignone, A., Massaglia, S., Ferrari, A.: 2003, Deceleration of relativistic
jets. New Astronomy Reviews 47(6-7), 557. DOI. ADS. [Bodo03]
Burton, R.K., McPherron, R.L., Russell, C.T.: 1975, An empirical relationship between
interplanetary conditions and Dst. J. Geophys. Res. 80(31), 4204. DOI. ADS. [Burton75]
Camilla Scolini 012516 SH 1: MAS Polytropic Simulation of Carrington Rotation 2126.
Technical report, Coordinated Community Modeling Center. https://ccmc.gsfc.nasa.gov/
database SH/Camilla Scolini 012516 SH 1.php. [Scolini12]
Cargill, P.J., Chen, J., Spicer, D.S., Zalesak, S.T.: 1996, Magnetohydrodynamic simulations
of the motion of magnetic flux tubes through a magnetized plasma. J. Geophys. Res.
101(A3), 4855. DOI. ADS. [Cargill96]
Cargo, P., Gallice, G.: 1997, Roe Matrices for Ideal MHD and Systematic Construction of
Roe Matrices for Systems of Conservation Laws. J. Comput. Phys. 136(2), 446. DOI. ADS.
[Cargo97]
Carrington, R.C.: 1859, Description of a Singular Appearance seen in the Sun on September
1, 1859. Mon. Not. Roy. Astron. Soc. 20, 13. DOI. ADS. [Carrington1859]
Cash, M.D., Biesecker, D.A., Pizzo, V., de Koning, C.A., Millward, G., Arge, C.N., Henney,
C.J., Odstrcil, D.: 2015, Ensemble Modeling of the 23 July 2012 Coronal Mass Ejection.
Space Weather 13(10), 611. DOI. ADS. [Cash15]
Chane´, E., van der Holst, B., Jacobs, C., Poedts, S., Kimpe, D.: 2006, Inverse and normal
coronal mass ejections: evolution up to 1 AU. Astron. Astrophys. 447(2), 727. DOI. ADS.
[Chane06]
Cranmer, S.R., Matthaeus, W.H., Breech, B.A., Kasper, J.C.: 2009, Empirical Constraints on
Proton and Electron Heating in the Fast Solar Wind. Astrophys. J. 702(2), 1604. DOI.
ADS. [Cranmer09]
Cremades, H., Bothmer, V., Tripathi, D.: 2006, Properties of structured coronal mass ejections
in solar cycle 23. Adv. Space Res. 38(3), 461. DOI. ADS. [Cremades06]
Dryer, M., Liou, K., Wu, C., Wu, S., Rich, N., Plunkett, S.P., Simpson, L., Fry, C.D., Schenk,
K.: 2012, Extreme Fast Coronal Mass Ejection on 23 July 2012. In: AGU Fall Meeting
Abstracts 2012, SH44B. ADS. [Dryer12]
Goldstein, M.L., Wicks, R.T., Perri, S., Sahraoui, F.: 2015, Kinetic scale turbulence and
dissipation in the solar wind: key observational results and future outlook. Philos. T. R.
Soc. A. 373(2041), 20140147. DOI. ADS. [Goldstein15]
Gopalswamy, N., Lara, A., Yashiro, S., Howard, R.A.: 2003, Coronal Mass Ejections and Solar
Polarity Reversal. Astrophys. J. Lett. 598(1), L63. DOI. ADS. [Gopalswamy03]
Gopalswamy, N., Yashiro, S., Liu, Y., Michalek, G., Vourlidas, A., Kaiser, M.L., Howard,
R.A.: 2005, Coronal mass ejections and other extreme characteristics of the 2003
October-November solar eruptions. J. Geophys. Res-Space 110(A9), A09S15. DOI. ADS.
[Gopalswamy05]
Gui, B., Shen, C., Wang, Y., Ye, P., Liu, J., Wang, S., Zhao, X.: 2011, Quantitative Analysis
of CME Deflections in the Corona. Solar Phys. 271(1-2), 111. DOI. ADS. [Gui11]
Intriligator, D.S., Sun, W., Dryer, M., Intriligator, J., Deehr, C., Detman, T., Webber, W.R.:
2015, Did the July 2012 solar events cause a “tsunami” throughout the heliosphere, he-
liosheath, and into the interstellar medium? J. Geophys. Res-Space 120(10), 8267. DOI.
ADS. [Intriligator15]
Isavnin, A., Vourlidas, A., Kilpua, E.K.J.: 2013, Three-Dimensional Evolution of Erupted Flux
Ropes from the Sun (2 - 20 R S) to 1 AU. Solar Phys. 284(1), 203. DOI. ADS. [Isavnin13]
SOLA: sola.tex; 8 September 2020; 3:03; p. 14
Solar Wind Preconditioning
Knipp, D.J., Fraser, B.J., Shea, M.A., Smart, D.F.: 2018, On the Little-Known Consequences
of the 4 August 1972 Ultra-Fast Coronal Mass Ejecta: Facts, Commentary, and Call to
Action. Space Weather 16(11), 1635. DOI. ADS. [Knipp18]
Linker, J.A.L.Z.M.D.A.B.R.J.F.S.E.G.A.J.L.A.L.P.R.A.S.B.J.T..: 1999,
Magnetohydrodynamic modeling of the solar corona during
whole sun month. J. Geophys. Res-Space 104(A5), 9809. DOI.
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/1998JA900159. [Linker99]
Linker, J.A., Caplan, R.M., Downs, C., Lionello, R., Riley, P., Mikic, Z., Henney, C.J., Arge,
C.N., Kim, T., Pogorelov, N.: 2016, An Empirically Driven Time-Dependent Model of the
Solar Wind. In: J. Phys. Conf. Ser., Journal of Physics Conference Series 719, 012012.
DOI. ADS. [Linker16]
Liou, K., Wu, C.-C., Dryer, M., Wu, S.-T., Rich, N., Plunkett, S., Simpson, L., Fry, C.D.,
Schenk, K.: 2014, Global simulation of extremely fast coronal mass ejection on 23 July
2012. J. Atmos. Sol-Terr. Phy. 121, 32. DOI. ADS. [Liou14]
Liu, Y.D., Luhmann, J.G., Kajdicˇ, P., Kilpua, E.K.J., Lugaz, N., Nitta, N.V., Mo¨stl, C.,
Lavraud, B., Bale, S.D., Farrugia, C.J., Galvin, A.B.: 2014a, Observations of an extreme
storm in interplanetary space caused by successive coronal mass ejections. Nat. Commun.
5, 3481. DOI. ADS. [Liu14]
Liu, Y.D., Richardson, J.D., Wang, C., Luhmann, J.G.: 2014b, Propagation of the 2012 March
Coronal Mass Ejections from the Sun to Heliopause. Astrophys. J. Lett. 788(2), L28. DOI.
ADS. [Liu17]
Liu, Y.D., Zhao, X., Hu, H., Vourlidas, A., Zhu, B.: 2019, A Comparative Study of 2017 July
and 2012 July Complex Eruptions: Are Solar Superstorms “Perfect Storms” in Nature? The
Astrophys. Journ. 241(2), 15. DOI. ADS. [Liu19]
Londrillo, P., del Zanna, L.: 2004, On the divergence-free condition in Godunov-type
schemes for ideal magnetohydrodynamics: the upwind constrained transport method. Journ.
Comput. Phys. 195(1), 17. DOI. ADS. [Londrillo04]
Lugaz, N., Manchester, I. W. B., Gombosi, T.I.: 2005, Numerical Simulation of the Interaction
of Two Coronal Mass Ejections from Sun to Earth. Astrophys. J. 634(1), 651. DOI. ADS.
[Lugaz05]
Lugaz, N., Farrugia, C.J., Davies, J.A., Mo¨stl, C., Davis, C.J., Roussev, I.I., Temmer, M.:
2012, The Deflection of the Two Interacting Coronal Mass Ejections of 2010 May 23-24
as Revealed by Combined in Situ Measurements and Heliospheric Imaging. Astrophys. J.
759(1), 68. DOI. ADS. [Lugaz12]
Manchester, I. Ward B., Vourlidas, A., To´th, G., Lugaz, N., Roussev, I.I., Sokolov, I.V.,
Gombosi, T.I., De Zeeuw, D.L., Opher, M.: 2008, Three-dimensional MHD Simulation
of the 2003 October 28 Coronal Mass Ejection: Comparison with LASCO Coronagraph
Observations. Astrophys. J. 684(2), 1448. DOI. ADS. [Manchester08]
Mignone, A., Bodo, G., Massaglia, S., Matsakos, T., Tesileanu, O., Zanni, C., Ferrari, A.: 2007,
PLUTO: A Numerical Code for Computational Astrophysics. Astrophys. Journ. Suppl. Ser.
170(1), 228. DOI. ADS. [Mignone07]
Mignone, A., Striani, E., Tavani, M., Ferrari, A.: 2013, Modelling the kinked jet of the Crab
nebula. Mon. Not. Roy. Astron. Soc. 436(2), 1102. DOI. ADS. [Mignone13]
Odstrcil, D., Pizzo, V.J.: 1999, Distortion of the interplanetary magnetic field by three-
dimensional propagation of coronal mass ejections in a structured solar wind. J. Geophys.
Res. 104(A12), 28225. DOI. ADS. [Odstrcil99]
Pantolmos, G., Matt, S.P.: 2017, Magnetic Braking of Sun-like and Low-mass Stars: Depen-
dence on Coronal Temperature. Astrophys. J. 849(2), 83. DOI. ADS. [Pantolmos17]
Parker, E.N.: 1958, Dynamics of the Interplanetary Gas and Magnetic Fields. Astrophys. J.
128, 664. DOI. ADS. [Parker58]
Petralia, A., Reale, F., Testa, P.: 2018, Guided flows in coronal magnetic flux tubes. Astron.
Astrophys. 609, A18. DOI. ADS. [Petralia18]
Pomoell, J., Poedts, S.: 2018, EUHFORIA: European heliospheric forecasting information
asset. J. Space weather Spac. 8, A35. DOI. ADS. [Pommoell18]
Powell, K.G.: 1994, An Approximate Riemann Solver for Magnetohydrodynamics (That works
in More than One Dimension). Technical report, ICASE-Report 94-24, NASA Langley
Research. [Powell94]
Powell, K.G., Roe, P.L., Linde, T.J., Gombosi, T.I., De Zeeuw, D.L.: 1999, A Solution-Adaptive
Upwind Scheme for Ideal Magnetohydrodynamics. Journ. Comput. Phys. 154(2), 284. DOI.
ADS. [Powell99]
SOLA: sola.tex; 8 September 2020; 3:03; p. 15
Desai et al.
Reale, F., Orlando, S., Guarrasi, M., Mignone, A., Peres, G., Hood, A.W., Priest, E.R.: 2016,
3D MHD modeling of twisted coronal loops. Astrophys. J. 830(1), 21. DOI. ADS. [Reale16]
Riley, P.: 2012, On the probability of occurrence of extreme space weather events. Space
Weather 10(2), 02012. DOI. ADS. [Riley12]
Riley, P., Linker, J.A., Mikic´, Z.: 2001, An empirically-driven global MHD model of the solar
corona and inner heliosphere. J. Geophys. Res. 106(A8), 15889. DOI. ADS. [Riley01]
Riley, P., Linker, J.A., Mikic´, Z., Odstrcil, D., Zurbuchen, T.H., Lario, D., Lepping, R.P.:
2003, Using an MHD simulation to interpret the global context of a coronal mass ejection
observed by two spacecraft. J. Geophys. Res-Space 108(A7), 1272. DOI. ADS. [Riley03]
Riley, P., Caplan, R.M., Giacalone, J., Lario, D., Liu, Y.: 2016, Properties of the Fast Forward
Shock Driven by the July 23 2012 Extreme Coronal Mass Ejection. Astrophys. J. 819(1),
57. DOI. ADS. [Riley16]
Roe, P.L.: 1981, In: Reynolds, W.C., MacCormack, R.W. (eds.) The use of the Riemann
problem in finite difference schemes 141, 354. DOI. ADS. [Roe81]
Russell, C.T., Mewaldt, R.A., Luhmann, J.G., Mason, G.M., von Rosenvinge, T.T., Cohen,
C.M.S., Leske, R.A., Gomez-Herrero, R., Klassen, A., Galvin, A.B., Simunac, K.D.C.: 2013,
The Very Unusual Interplanetary Coronal Mass Ejection of 2012 July 23: A Blast Wave
Mediated by Solar Energetic Particles. Astrophys. J. 770(1), 38. DOI. ADS. [Russell13]
Shen, C., Wang, Y., Wang, S., Liu, Y., Liu, R., Vourlidas, A., Miao, B., Ye, P., Liu, J., Zhou,
Z.: 2012, Super-elastic collision of large-scale magnetized plasmoids in the heliosphere. Nat.
Phys. 8(12), 923. DOI. ADS. [Shen12]
Shen, C., Wang, Y., Pan, Z., Miao, B., Ye, P., Wang, S.: 2014, Full-halo coronal mass ejections:
Arrival at the Earth. J. Geophys. Res-Space 119(7), 5107. DOI. ADS. [Shen14]
Stawarz, J.E., Smith, C.W., Vasquez, B.J., Forman, M.A., MacBride, B.T.: 2009, The Turbu-
lent Cascade and Proton Heating in the Solar Wind at 1 AU. Astrophys. J. 697(2), 1119.
DOI. ADS. [Stawarz09]
SWPS: 2015, Space Weather Preparedness Strategy . Technical report, UK Cabi-
net Office Department for Business Innovation & Skills. https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment data/file/449593/
BIS-15-457-space-weather-preparedness-strategy.pdf. [SWPS15]
Temmer, M., Nitta, N.V.: 2015, Interplanetary Propagation Behavior of the Fast Coronal Mass
Ejection on 23 July 2012. Solar Phys. 290(3), 919. DOI. ADS. [Temmer15]
Temmer, M., Reiss, M.A., Nikolic, L., Hofmeister, S.J., Veronig, A.M.: 2017, Preconditioning
of Interplanetary Space Due to Transient CME Disturbances. Astrophys. J. 835(2), 141.
DOI. ADS. [Temmer17]
Totten, T.L., Freeman, J.W., Arya, S.: 1995, An empirical determination of the polytropic
index for the free-streaming solar wind using Helios 1 data. J. Geophys. Res. 100(A1), 13.
DOI. ADS. [Totten95]
Tsurutani, B.T., Gonzalez, W.D., Lakhina, G.S., Alex, S.: 2003, The extreme magnetic storm
of 1-2 September 1859. J. Geophys. Res-Space 108(A7), 1268. DOI. ADS. [Tsurutani03]
Vourlidas, A., Colaninno, R., Nieves-Chinchilla, T., Stenborg, G.: 2011, The First Observation
of a Rapidly Rotating Coronal Mass Ejection in the Middle Corona. Astrophys. J. Lett.
733(2), L23. DOI. ADS. [Vourlidas2011]
Wang, Y., Shen, C., Wang, S., Ye, P.: 2004, Deflection of coronal mass ejection in the
interplanetary medium. Solar Phys. 222(2), 329. DOI. ADS. [Wang04]
Werner, A.L.E., Yordanova, E., Dimmock, A.P., Temmer, M.: 2019, Modeling the Multiple
CME Interaction Event on 6-9 September 2017 with WSA-ENLIL+Cone. Space Weather
17(2), 357. DOI. ADS. [Werner19]
Wu, C.-C., Lepping, R.P.: 2005, Relationships for predicting magnetic cloud-related geomag-
netic storm intensity. Journal of Atmospheric and Solar-Terrestrial Physics 67(3), 283.
DOI. ADS. [Wu05b]
Wu, C.-C., Fry, C.D., Berdichevsky, D., Dryer, M., Smith, Z., Detman, T.: 2005, Predicting
the Arrival Time of Shock Passages at Earth. Solar Phys. 227(2), 371. DOI. ADS. [Wu05]
Wu, S.T., Wu, C., Liou, K., Plunkett, S., Dryer, M., Fry, C.D.: 2014, In: Hu, Q., Zank, G.P.
(eds.) Analyses of the Evolution and Interaction of Multiple Coronal Mass Ejections and
Their Shocks in July 2012, Astr. Soc. P. 484, 241. ADS. [Wu17]
Yashiro, S., Gopalswamy, N., Michalek, G., St. Cyr, O.C., Plunkett, S.P., Rich, N.B., Howard,
R.A.: 2004, A catalog of white light coronal mass ejections observed by the SOHO spacecraft.
J. Geophys. Res-Space) 109(A7), A07105. DOI. ADS. [Yashiro04]
SOLA: sola.tex; 8 September 2020; 3:03; p. 16
Solar Wind Preconditioning
Yermolaev, Y.I., Yermolaev, M.Y., Zastenker, G.N., Zelenyi, L.M., Petrukovich, A.A.,
Sauvaud, J.-A.: 2005, Statistical studies of geomagnetic storm dependencies on solar and
interplanetary events: a review. Plan. Space Sci. 53(1-3), 189. DOI. ADS. [Yermolaev05]
SOLA: sola.tex; 8 September 2020; 3:03; p. 17
